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Abstract. Flowforming is a means to produce seamless tubes by plastic deformation at room temper-
ature. It consists in reducing the thickness of a tubular part mounted on a mandrel by deforming it
using several rollers translating along the tube axis, while the tube is rotating along its axis. Thanks to
the high compressive stresses, and to the incremental nature of the deformation process, flowforming
can lead to a high thickness reduction and thus to high elongation of the deformed tubes.
Ti-6Al-4V (Extra Low Interstitial grade) tubes have been deformed by cold flowforming, with
a thickness reduction ratio higher than 60%, and their microstructures have been investigated using
light optical microscopy (LOM), scanning electron microscopy (SEM) and electron backscattered
diffraction (EBSD). Based on EBSD data, a post-processing analysis has been performed in order to
study the texture of the flowformed parts.
OpticalMicroscopy showed that thematerial could be deformedwithout displaying flow instability
such as adiabatic shear banding, despite the fact that it has been processed out of the stable processing
maps (high strain rate and low temperature). It also evidenced a major deformation along the tube
axis accompanied with a slight twist due to torsion stress. EBSD analysis indicated the occurrence
of continuous dynamic recrystallization, which is rarely reported in the α-β domain of such alloys.
The recovery/ recrystallization effects resulted in a submicrocrystalline equiaxed structure, which is
consistent with that previously reported for Ti-6Al-4V subjected to severe plastic deformation (SPD).
The texture of the hexagonal α-phase appeared to be similar to that obtained on extruded Ti-6Al-4V,
with a basal component perpendicular to the tube axis.
Introduction
Ti-6Al-4V mechanical behaviour. Ti-6Al-4V (Ti64) is an α-β titanium alloy and one of the most
widely used light material for aerospace and aviation industry, due to its high strength, high corrosion
resistance and low specific weight. In mill-annealed condition, this alloy is composed by about 95% of
hexagonal close-packed (hcp) phase, denoted α phase, and balanced body-centred cubic (bcc) phase,
denotedβ phase. The so-called commercial (or standard) grade has an amount of oxygen content about
0.2 wt.%, mainly dispersed in interstitial sites. Those interstitial elements highly reduce the ductility
of theα phase [1,2]. Thus, the extra-low interstitial (ELI) grade, with about 0.13 wt.% oxygen content,
exhibits a better ductility than the commercial grade [3].
Because of the large proportion of the α phase, the macroscopic behaviour of the Ti64 is usually
considered to be dominated by that of the α phase. Nevertheless, the Ti64 behaviour is quite different
from that of commercial purity (CP) titanium in the α domain. Indeed, the lack of slip systems in the
hcp structure and the high critical resolved shear stress (CRSS) for slip systems with a < c > com-
ponent [4] are compensated by several twinning modes, leading to a large ductility usually observed
on CP titanium, even at room temperature [5,6]. On the contrary, it has been stated that the presence
of both substitutional and interstitial elements, like Al, suppress the twinning activity [7]. As a result,
even in ELI grade, Ti64 has a poor ductility in the α-β domain, especially at room temperature [3,8,9].
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Fig. 1: Schematic view of backward flowforming. White and black arrows denote the longitudinal
flow of the deformed material (coloured in black) and the roller feed, respectively.
Because of its poor conductivity, Ti64 deformed in the α-β domain is often subjected to adiabatic
shear banding (ASB), leading to a localisation of the deformation and an important temperature rise
in these bands [10,3,8]. According to those works, in α-β domain, ASB appears to occur for strain
rate down to 1 s−1. Hence, ASB is another critical limitation for cold forming of Ti64.
On the other side, superplastic behaviour has been numerously reported for Ti64 [11,12] and other
α-β titanium alloys [13] below the β transus at very low strain rate and warm temperature. This
behaviour is only reported with submiscrocrystalline structures (SMC), usually obtained by severe
plastic deformation (SPD) [14-15], isothermal forging [11] or by protium treatment [12]. This super-
plastic behaviour has been related to the grain boundary sliding (GBS) phenomenon, requiring a low
dislocation density and high angle grain boundaries (HAGBs) [15]. But such structures are hard to
obtain and the necessary low strain rate for GBS is not compatible with industrial forming.
In the β range, the Ti64 alloy is much more ductile, especially at low strain rates (lower than
10−2 s−1) because dynamic recrystallization (DRX) occurs [10,8,3] in that domain. To the best of the
author's knowledge, the occurrence of DRX or dynamic recovery (DRV) on Ti64 deformed in the
α-β domain using conventional tests (tensile, compressive and torsion tests) have been reported only
by [16] at low strain rate (10−3 s−1) and warm temperature (600 °C and 800 °C) .
Flowforming process. Flowforming (also called tube spinning) is a chipless production method
to deform an initially tubular part, by reducing its wall thickness and then to elongate it. As depicted
on figure 1, flowforming involves several free rollers (usually three) which translate along the axis
of the initial tube mounted on a mandrel. The mandrel is rotating with that tube while the rollers
are progressively reducing the thickness of the tube. In so-called backward flowforming, the material
elongates on the opposite direction from the roller feed, as white and black arrows indicate on figure 1.
While several materials are widely used for cold flowforming, such as aluminium alloys [17,18]
and low carbon steel [19,20], a few authors have reported a successful Ti64 flowforming [9,21]. Start-
ing from a lamellar-structured ELI grade Ti64, using transmission electron microscopy (TEM), they
stated that flowforming resulted in two types ofα grains: long thin grains with high dislocation density
and small equiaxed grains with low dislocation density. The second type have been attributed by the
authors to DRV/DRX. But this phenomenon may be due to the lamellar structure, which is known to
undergo the globularization phenomenon [8,22,16].
[9,21] have produced tubes utilizing different means (β extrusion, α-β extrusion, rotary piercing
and flowforming) and extensively studied the mechanical properties of those tubes. They concluded
that the flowforming process was the best candidate to improve yield stress, ultimate tensile stress
and fatigue properties together without any remarkable decrease in ductility. Those improvements are
related to the grain refinement and the DRV/DRX phenomenon observed by the authors, as discussed
above.
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Objectives. This objectives of this work are to report observations about the structure and the
texture of a cold-flowformed Ti64, and to investigate the deformation mechanisms induced by that
process, which lead to unusual ductility.
Experimental
Material. Ti64 ELI grade have been used for this study, the starting material was provided by Timet
UK Ltd. The as-received material is produced by rod rolling, followed by mill-annealing. Then, the
initial tube has beenmanufactured by core drilling.Microstrucure of the startingmaterial, as illustrated
on figure 2, is mainly equiaxed, with a few transformedβ grains, consisting on thickα andβ lamellae.
Mean α-grain size is about 10 µm.
Fig. 2: Backscattered electron image (BSE) of the starting material
Processing. Two tubular preforms have been successfully backward-flowformed by Roxel com-
pany, with a 60 and 64% thickness reduction respectively, in a single pass each. No external heat
source has been used (starting material at room temperature). Photographs of the flowformed tubes
are depicted on figure 3. The change in color is a result of oxidation, evidencing the high temperature
during the forming, due to plastic power and friction between the surface of the tubes and the tools,
despite the very high lubrication (water based semi-synthetic coolant).
Microstructural characterization. For each tube (including the preform) optical micrographs
were made along three orthogonal planes (longitudinal, transverse and tangential). On each part, one
other specimen had been extracted along the longitudinal section for scanning electron microscopy
(SEM) and electron backscattered diffraction analysis (EBSD). All the specimens were first prepared
by sawing and then ground to 4000 grit, followed by diamond suspension (5 µm, 3 µm and 1 µm)
polishing and finally 0.05 µm -silica suspension polishing. Specimen for optical microscopy were
etched using the Kroll's reagent (10%HF+20%HNO3 in water).
Optical micrographs were made using an Olympus PMG-3 inverted metallographmicroscope with
Nomarski filter and polarized light. FEG-SEM Zeiss Supra 40 operating at 20 kV, equipped with a
backscattered electron detector (BSE) and Quantax CrystAlign EBSD system were utilized to inves-
tigate the grain structures and the textures of the deformed specimens. EBSD sampling points were
spaced down to 19 nm, depending on the map.
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(a) 60% reduction in thickness
(b) 64% reduction in thickness
Fig. 3: Photographs of the flowformed tubes investigated in this paper. Tails (on the left) are the non
flowformed ends.
Results
Optical microscopy. Optical micrographs made from the deformed material can be seen on figure 4.
The prior α grains, surrounded by β phase, can easily be identified. First, one may notice that the
grains are severely elongated along the longitudinal direction (ez). This result is consistent with the
macroscopic deformation, mainly visible on the elongation of the tubes. Second, grain shape in the
tangential planes (figures 4b and 4d) shows not only a deformation along ez, but also a small deforma-
tion along the tangential direction (eθ), creating a certain helix angle. This angle appears to decrease
when the reduction ratio increases. This fact tends to demonstrate that the higher the reduction ratio,
the more flowforming looks like extrusion (elongation along the roller feed direction i.e. axial); on
the contrary, the lower the reduction ratio, the more flowforming looks like rolling (elongation along
rolling direction i.e. tangential).
Due to very high lubrication during the flowforming processing, the material is quenched just
after deformation. Yet, there is no evidence of transformed β grains, indicating that the temperature
has not probably exceeded the β transus (around 980 °C for ELI grade). According to this statement,
all the deformation is processed in the α-β domain. Nevertheless, there is no evidence of ASB on the
micrographs of the figure 4 despite the moderate strain rate (around 10 s−1). The fact that no ASB
occurs may be due to the rotational symmetry, which is inconsistent with the ASB kinematic.
SEM observations. Utilizing the backscattered electron detector, single orientation (sub)grains
can be distinguished, depending on there gray scale. BSE images on the longitudinal section of the
flowformed tubes are presented on figure 5. It appears that the prior α phase has been fragmented into
very small individual cells, which can be identified as grains or subgrains. Those cells are equiaxed
and have a sub-micrometer scale (as illustrating on figure 5b : 100 to 300 nm size). Those results are
consistent with those obtained by SPD [11,14,15].
160 The Current State-of-the-Art on Material Forming
(a) 60% : longitudinal section (b) 60% : tangential section
(c) 64% : longitudinal section (d) 64% : tangential section
Fig. 4: Optical micrographs of the material deformed with 60% and 64% reduction in thickness
As illustrated on figure 5b, no cell can be identified in the β phase, reflecting the absence of
rearrangement of the dislocations, and hence no recovery-like effect.
EBSD study. In order to characterize the boundaries between the cells, an EBSD analysis has
been performed on the longitudinal sections of the deformed material. One may notice that this anal-
ysis is quite hard to do on those samples, considering the high dislocation density, which drastically
degrades the Kikuchi patterns required for the analysis. [?] have managed to perform that analysis on
flowformed Ti64 only after a stress-relief treatment, which slightly reduces the misorientation within
the grains. The high resolution EBSD system used in the present work permitted to scan valuable
maps. The orientation maps obtained by the EBSD analysis are depicted on figure 6. On that figure,
black zone indicates non indexed points, which can be suspected to correspond with high dislocation
density grains or grains/subgrains boundaries. The equiaxed cells identified on BSE images can be
recognized on orientation maps. The β phase has almost not been indexed at all, probably due to a too
high crystalline defects (like dislocations), which is consistent with the BSE observations (fig. 5), on
which no internal β cell were identified.
On the 60%-flowformed material (fig. 6a), three kinds of grains can be identified:
I. long thin grains with moderate interganular misorienation, which correspond to medium dislo-
cation density
II. small equiaxed grains, with low dislocation density
III. high dislocation density grains, presented as ``black zones'' on orientationmaps, appearing equiaxed
on these maps.
The I-type grain seems absent on the 64%-flowformed material, suggesting that it corresponds to the
first stage of the deformation. Figure 6c plots the misorientation profile from the first point along
the segments (A) and (B) on map 6b. Both curves display some plateaus, separated by low angle
boundaries (LAGBs), as depicted on curve (A), or HAGBs, as depicted on curve (B). The first is
typical of sub-grains, whereas the second is typical of grains. Those statements suggest the occurrence
of both DRV and DRX during flowfomring, as already reported by [21].
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(a) ×2 000
(b) ×20 000
Fig. 5: BSE images of the longitudinal section of the 60% flowformed tube at two different magnifi-
cation levels
162 The Current State-of-the-Art on Material Forming
(a) Orientation map for 60% reduction (b) Orientation map for 64% reduction



















(c) Cumulative misorientation along (A) et (B) on the 64%-flowformed
tube
Fig. 6: Results of the EBSD analysis: orientation maps of α phase in the flowformed materials ((a)
and (b), longitudinal sections) and misorientation profiles along two lines (c).
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Discussion
All recrystallized grains are equiaxed with a uniform size. Furthermore, according to orientation maps
(fig. 6) free-dislocation grains appear to be dispersed with a roughly uniform distribution among the
high dislocated grains (no necklace-like structure). Those statement tend to indicate that the DRX
occurring during flowforming is continuous (CDRX). Hence, it can be related to the so-called CDRX
by progressive lattice rotation. Furthermore, titanium alloys have a high stacking fault energy (SFE),
which is well known to favour CDRX over discontinuous DRX [23]. As discussed in introduction,
DRX is rarely reported in α-β domain on Ti64 using conventional trials, but similar phenomena had
been reported in adiabatic shear bands on cold rolled CP titanium [24,25].
The fraction of good points during EBSD analysis for the 60% and 64% -flowformed tubes was
40% and 70%, respectively. Considering that theβ phase represents less than 10% in volume, the better
indexation for the 64%-flowformed tube indicates that the overall dislocation density in α grains in
that tube is lower than in the 60%-flowformed tube, despite its higher strain level. This result can be
attributed to either the onset of CDRX, which is known to correspond to a certain critical strain, or the
higher forming temperature, due to a higher strain rate. The shape of the grains which display a high
intergranular misorientation can not be identified on orientation map, because of non indexed points.
But the BSE images (fig. 5) indicate that all (sub-)grains appear roughly equiaxed, thus including
high dislocation density grains. This result is opposite of [9,21] who reported that this kind of grains
on lamellar structure was severely elongated. Hence, it can be concluded that grains which has not
undergone DRX inherit their shape from the prior structure whereas DRXed grains are equiaxed,
according to the present work and [9,21].
As stated before, long thin grains with medium dislocation density (I-type) evidenced at moderate
strain appear to be replaced by equiaxed grains with low dislocation density and high dislocation
density small grains (II and III -types, respectively) at larger strain. As a result, the following scheme
could describe the kinetic of grain formation during straining by flowforming:
1. elongation of the prior α grains, governed by slip;
2. breakup of those elongated grains;
3. arrangement and annihilation of the dislocations leading to free-dislocation (sub-)grains (DRV);
4. further rotation of the lattices, creating HAGBs between prior sub-grains (CDRX).
Such grain refinement, as displayed on SEM micrographs, is widely observed on Ti64 constrained to
SPD such as equal channel angular extrusion (ECAE), [14,26]. The latter concluded that this refine-
ment was mainly governed by a high twinning activity, which is known to rarely occur on Ti64. In
this work, no twin have been evidenced (by SEM observation or EBSD analysis), indicating that the
strain was mainly governed by slip.
Thanks to that submicrocristaline structure, the material may have undergone a great amount of
mechanical properties, such as yield stress. Furthermore, the relatively low intergranular misorien-
tation, denoting a low dislocation density, revealed by EBSD favours the fatigue resistance and the
ductility. The latter indicates that a subsequent forming processing may be possible on the flowformed
tubes. A superplastic forming may not be possible yet, due to a low proportion of HAGBs. Neverthe-
less, the proportion of DRXed grains is still poor, indicating that the DRX is incomplete. Hence, a
further strain is probably attainable and it would lead to a complete DRXed structure, with a higher
HAGB ratio.
The texture of the α phase can be investigated thanks to EBSD data. The reader may pay attention
on the fact that the texture of the non- EBSD-indexed point can not be studied by this means. Further-
more, the scanned area (a few µm2) is not representative of the entire tubes. Nevertheless, the EBSD
analysis provides valuable information about the texture of the recovered grains, as the pole figures
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resulting from the 64%-flowforming shown on figure 7. According to this figure, the texture shows
that the < c > tends to get perpendicular to the tube axis, whereas the < a > component tends to
get aligned with that direction. This texture, which is really similar to that of extruded Ti64 [27], is
consistent with that reported by [21] on cold flowformed lamellar-structured Ti64. Hence, it suggests
that the same phenomenon occurs in both equiaxed and α-colony Ti64 during flowforming. The simi-
larity between flowforming texture and extrusion texture is consistent with the results from the optical
microscopy, detailed at the beginning of the present paper.
On the contrary, the last authors have investigated the orientation maps of stress-relieved spec-
imens, without any remarkable "unindexed grains'' whereas no subsequent heat treatment has been
performed in this present work, leaving some unindexed grains in EBSD analysis. Hence, those paral-
lel studies suggest that the texture of the non-recovered grains is somehow similar to that of recovered.
The texture of the 60%-flowformed tube was quite the same as that of the 64%-flowformed (see fig. 7).
Thus, the texture of the recovered grains does not seem to change with strain, only the proportion of
those grain does (it increases, as stated above). As a result, this texture could be interpreted as the
CDRX texture. CDRX has already been reported on magnesium alloy, which is similar to α phase of
titanium alloys (hcp structure with a c/a ratio slightly smaller than the ideal value [4], high SFE [28])
by [29]. They investigated the texture of the CDRXed Mg alloy AZ31 and concluded that the basal
planes gradually rotate from around 0° to near 90° to the compression axis during CDRX. This texture
evolution resulted in a softening during compression, which is rarely reported during CDRX [29,23].
This unusual softening was attributed by the authors to the low CRSS in non-basal slip directions,
compared to that of pyramidal slips. As a comparison, the flowforming texture suggests that the stress
is mainly compressive in the axial direction during flowforming.
Fig. 7: Pole figures of the α phase in the 64%-flowformed tube. TD and RD denote the through-
thickness and the tangential directions, respectively.
The distribution of misorientation angle boundaries in deformed material can be analysed, as re-
ported on figure 8. It denotes a high fraction of LAGBs. Also, one may notice that a higher strain
results in a rise of HAGBs, and thus a decrease in LAGBs. This phenomenon can be attributed to a
higher lattice rotation level between (sub-)grains, due to higher strain, during CDRX. This misorien-
tation spectrum between α grains is somehow similar to that observed on Ti64 after warm and slow
compression (ε̇ =10−3 s−1 at 800 °C), displaying peaks approximately at 5, 30, 45, 65 and 90° and
a large proportion of LAGBs [22]. As the authors of the latter paper did not evidence any DRX, this
comparison confirms that DRX encountered during flowfomring is continuous.
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Fig. 8: Distribution of angle misorientation boundaries in deformed material (ordinates in log. scale)
Conclusion
Roughly equiaxed ELI grade Ti-6Al-4V, in tubular shapes, has been highly deformed by cold flow-
forming, leading to a reduction in thickness up to 64%. The resulting structures were extensively
studied using light optical microscopy, SEM observations and EBSD analysis. The main results of
this work are described as following:
• The deformation is mainly longitudinal, making the process really similar to extrusion. The
material has been processed out of the conventional stable maps (i.e. at high strain rate and low
temperature) without any remarkable flow instability such as ASB or cracking. This unusual
stability may be due to the cylindrical symmetry.
• At high strain (high reduction in thickness), continuous DRX occurs during flowforming, re-
sulting in equiaxed α grains which can have either a very high dislocation density or a poor
dislocation density. The DRX phenomenon was classified as a progressive lattice rotation -type
CDRX. This phenomenon allows to severely deform the material without overload on tools nor
crack or porosity. At lower strain, DRX is incomplete, leaving some long and thin grains with
moderate intragranular misorientations, indicative of moderate dislocation densities.
• The dynamically recovered/recrystallized grains were highly textured, with a< c >-axis mainly
perpendicular to the tube axis.
• The partial recrystallization observed even on the 64%-flowformed material suggests that a
higher reduction in thickness is attainable. It would lead to a high amount of HAGBs.
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